Keima absorbs excitation light at 440 nm and emits at 620 nm. In addition, a variant of Keima with two additional substitutions, named dKeima570, gives the emission peak at 570 nm with the same excitation wavelength. One attractive characteristic of these new fluorescent proteins is that they enable simultaneous multicolor imaging with single-wavelength excitation. The fluorescent spectra of Keima and dKeima570 are precisely and efficiently separated from the spectra of existing fluorescent proteins. The fluorescent proteins with the appropriate targeting signals were localized to the plasma membrane, the endoplasmic reticulum (ER), the Golgi apparatus, microtubules, the nucleus, and the mitochondria, and their different compartments were visualized in a single cell. 2 Thus, Keima and its variants enable us to image various organelles with minimal spectrum overlap of the emission light.
Imaging of the Topology of Organelle-localized Proteins
Organelle-localized proteins adopt various topologies on the lipid membranes (topology means which portions of the aminoacid sequence of a target protein lie in the lipid bilayer and which portions protrude into the environment on either side). (7) endosome, uptake and processing of molecules from cell surface. In eukaryotic cells, newly synthesized proteins are directly transported to the nucleus, the ER, the mitochondria and the peroxisome. In the case of secretory or lysosomal proteins, they are transported across the ER membranes and enter the lumen of the ER. The proteins are transported to the cell surface or the lysosome via the Golgi apparatus by transport or secretory vesicles. Some molecules are taken up into the early endosome from the cell surface and transported to the lysosome via the late endosome.
The topological information of proteins is related closely to the protein structure and functions. To obtain the topological information, researchers have developed a new fluorescencebased technique, fluorescence protease protection (FPP) assay. 3 In this assay, a fluorescent protein is attached to either N or C terminus of an organelle-localizing protein of interest. Cells expressing the fusion protein are exposed to a protease, trypsin, before or after plasma membrane permeabilization by digitonin. If the fluorescent protein is degraded before treatment of digitonin, the N or C terminus extrudes outside the plasma membrane. By contrast, in the case where the fluorescent protein is degraded only after treatment of digitonin, the N or C terminus extrudes inside the plasma membrane or outside the organelle membranes. The FPP assay has also been used successfully to analyze the topology of proteins localized to a variety of organelles including the ER, Golgi apparatus, mitochondria, peroxisome and autophagosome. All of these results using the FPP assay demonstrate the wide applicability for studying protein topology within living cells.
Imaging of Organelle Dynamics
Intracellular organelles often undergo dynamic changes such as fusion, fission, and transportation upon sensing external stimuli. A fluorescent protein, named Kaede, is very useful for imaging organelle dynamics in single living cells. 4 Kaede has a chromophore with a unique property: the green chromophore of Kaede is converted from green to red upon being irradiated with UV or violet light (350 -400 nm). This color-change of a chromophore is called photoactivation. The red fluorescence of Kaede is comparable in its intensity to the green fluorescence before photoactivation and is stable under the usual aerobic conditions. Maximal illumination results in a 2000-fold increase in the ratio of red-to-green signal. One of the biological applications using Kaede is the study of 27 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 mitochondrial fusion in plant cells ( Fig. 2A) . 5 A mitochondriatargeted Kaede was expressed in onion epidermal cells and then a small spot of the mitochondria was altered from green to red by irradiation of violet light. Frequent and transient fusion of red and green mitochondria occurred to produce the yellow mitochondria and subsequently the mitochondria were divided into their fragments. Thus, this color-changing property of Kaede provides a simple and powerful technique for regional optical marking of a target organelle in living cells.
Monomeric photoactivatable fluorescent proteins, named PAmRFP1 6 and Dendra, 7 are also useful for tracing organelle dynamics in live cells. PA-mRFP1 was generated by the sitespecific mutagenesis of mRFP (monomeric red fluorescent protein) 8 while Dendra was newly isolated from octocoral. 7 PAmRFP1 can be photoactivated by violet light and its fluorescence intensity increases 70-fold after photoactivation. In contrast, Dendra is photoconvertible by visible blue or UV light, which induces a 1000 -4500-fold increase in the fluorescence intensity. The application of PA-mRFP1 was demonstrated for studying the intracellular dynamics of early endosomes. An early endosome marker protein, Rab5, was connected with PA-mRFP1, which was expressed in mammalian cells. The dynamics of early endosomes and translocations of Rab5 protein from endosomes to cytosol were visualized. Dendra was used to study the dynamics of nucleoli in mammalian cells. The nucleoli marker of fibrillarin connected with Dendra was expressed in live cells and photoactivation of Dendra allowed for monitoring migration of fibrillarin from nucleoli to adjacent nucleoli.
The multi-color imaging using multiple fluorescent proteins offers another experimental system for the study of organelle dynamics. Dual-color fluorescence imaging using GFP and mRFP is introduced into the study of Golgi dynamics (Fig.  2B) . 9 The Golgi apparatus is a sorting center for intracellular protein trafficking. Secretory proteins, which are synthesized in the ER, enter the early compartment of the Golgi apparatus called cis cisternae. The proteins undergo various modifications and processing, and thereafter leave for the plasma membrane from the late (trans) cisternae. In living yeast cells, the cis and trans cisternae were labeled with mRFP and GFP, respectively. Time-lapse imaging with a high-speed 3D confocal microscope demonstrated that the cis cisternae marked by mRFP changed the color from red to yellow and thereafter it became green. The sequential color changes indicate that yeast Golgi cisternae alter the distribution of resident membrane proteins from the cis nature to the trans over time in a dynamic way (Fig. 2B) . Thus, multi-color imaging using multiple fluorescent proteins provides a convenient system to visualize complicated dynamics of individual organelles.
Imaging of Protein Transport between Organelles
Soluble proteins often undergo diffusion or transport between organelles in a resting state in living cells, although the dynamic movements of the proteins are normally invisible. A photoactivatable variant of GFP, named PA-GFP, is useful to visualize the diffusion or transport of organelle-localized proteins in single living cells. 10 Fluorescence intensities of PA-GFP become hundreds of times higher than the intensity of the inactivated form after intense irradiation with 413 nm light. PA-GFP connected with a peroxisome membrane protein marker was expressed in mammalian cells 11 to investigate the mechanism underlying the biogenesis of mammalian peroxisomes. The photoactivation study with the PA-GFP demonstrated that peroxisomes generate de novo from the ER in normal and peroxisome-less mutant cells. A photoswitchable cyan fluorescent protein (PS-CFP) is another possible reporter to visualize the protein transport between organelles.
12 PS-CFP is a monomeric protein and is capable of efficient photoconversion from cyan to green, changing both its excitation and emission spectra in response to 405 nm light irradiation. This property of PS-CFP is unique in comparison to the existing photoactivating proteins, all of which change their color from green to red. PS-CFP was applied to the study of intracellular trafficking of human dopamine transporter (DAT) in living cells as a photoswitchable tag. 12 Local photoactivation studies using PS-CFP-DAT revealed that mutual exchanges of DAT between the endosomes vigorously occurred in living cells.
A new unique protein, which is convertible reversibly between the bright and dark states upon irradiating external light, has a potential to trace the movement of proteins spacially and temporally. 13 This photoconvertible protein derived from a coral was named Dronpa. The use of Dronpa was first demonstrated for imaging nucleocytoplasmic shuttling of extracellular signal-regulated kinase (ERK1). The nuclear influx and efflux of ERK1 needed to be measured. As a first step, an ERK1-Dronpa fusion protein was expressed in mammalian cells and its behavior was examined upon stimulation with epidermal growth factor (EGF). Time-lapse imaging using reversible photoactivation demonstrated that the translocation of ERK1-Dronpa across the nuclear envelope was accelerated both inward and outward after EGF stimulation. This reversible photoactivation technique is extensively applicable in tracking any kind of proteins that shuttle between organelles.
Analyses of Organelle-localized Proteins and Protein Interactions
A method for rapid identification of organelle-localized proteins is required for the systematic organelle analysis. A new method for identifying the proteins that are transported to the mitochondria in living mammalian cells was developed. 14 The principle is based on the reconstitution of split fragments of enhanced green fluorescent protein (EGFP) by protein splicing of a DnaE intein. The cDNA libraries fused to the N-terminal fragments of DnaE and EGFP are introduced in mammalian cells with retroviruses. If an expressed protein is transported into mitochondria, the N-terminal fragment of EGFP meets the C-terminal one in mitochondria, and full-length EGFP is reconstituted by protein splicing. The fluorescent cells are isolated using fluorescence-activated cell sorting and the cDNAs are sequenced. This method was able to accurately identify cDNAs that encode proteins transported to the mitochondria. Consequently, 258 cDNAs containing various mitochondria targeting signals were identified. Thus, this method provides a useful means to map proteins distributed within intracellular organelles in a broad range of different tissues and disease states.
The secretory pathway is composed of membrane organelles that specialize in protein folding, modification, transport, and sorting. Numerous transient protein-protein interactions guide protein traffic in the secretory pathway.
To detect protein-protein interactions in the early secretory pathway of living cells, researchers adapted the yellow fluorescent protein (YFP)-based protein fragment complementation assay (PCA). (Fig. 2C) . 16, 17 The principle is based on reconstitution of split fragments of Renilla reniformis luciferase (Rluc) by protein splicing. A target cytosolic protein fused to the C-terminal fragment of Rluc is expressed in mammalian cells. If the protein translocates into the nucleus, the C-terminal fragment of Rluc meets the N-terminal fragment of Rluc, and full-length Rluc is reconstituted by protein splicing. The indicator enabled noninvasive in vivo imaging of the translocation of androgen receptor into the nucleus in the brains of living mice with a charge-coupled device imaging system. 16 This basic principle was also used to detect phosphorylation-or proteolysis-induced nuclear transports of a target protein. 17 Two model proteins, signal transducer and activator of transcription 3 (STAT3) and sterol-regulatory element binding protein-2 (SREBP-2), were exemplified as phosphorylation-and proteolysis-induced nuclear transport, respectively. The indicator with SREBP-2 enabled us to quantify the intracellular concentrations of cholesterol. The extent of the nuclear transport of STAT3 was evaluated by representative cytokines. These rapid and quantitative analyses in vitro and in vivo provide a wide variety of applications for screening pharmacological or toxicological compounds and for testing them in living animals.
Conclusions
In combination with the advancement of imaging devices like microscopes and CCD cameras, 18 diverse photolabeling techniques using fluorescent and luminescent proteins enabled us to reveal localizations and dynamics of intracellular organelles. A variety of applications may be conceivable in such fields as developmental biology, genomic biology, pharmacology, medical biology, and as well as basic biology. More exciting fluorescent and bioluminescent proteins are now under construction, which will help us to further understand the intracellular organelles.
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